Abstract Na 2 SO 4 , Na 2 SO 4 : Dy 3? , LiNaSO 4 and LiNaSO 4 : Dy 3? nanoparticles successfully synthesized by slow evaporation technique followed by calcination at 400 o C. The resultant products were characterized by powder X-ray diffraction, scanning electron microscopy, transmission electron microscopy, Fourier transform infrared and UVVis spectroscopy. The average crystallite size was calculated using Debye-Scherrer's formula and WilliamsonHall's (W-H) plots. The optical energy band gap (E g ) was estimated from Wood and Tauc's relation, which varies from 3.70 to 4.45 eV. The variation in band gap values attributed to large degree of structural defects. Thermoluminescence studies were investigated using c-irradiation in the dose range 0.5-5 kGy at a heating rate of 5 K s -1 . The samples Na 2 SO 4 and LiNaSO 4 showed a well-resolved glow peak at *180 and *170°C, respectively. The prominent glow peak at *175°C along with shouldered peak at *60°C was observed for Na 2 SO 4 : Dy 3? . LiNaSO 4 : Dy 3? showed prominent glow peak at *100°C and a small shoulder peak at *180°C. The addition of isovalent (Li ? ) quenches the TL intensity, whereas the hypervalent (Dy 3? ) increases the intensity of Na 2 SO 4 . The variations of TL intensity for all the phosphors follow linear behavior up to 5 kGy and were useful in radiation dosimetry. The kinetic parameters (E, b and s) were estimated from the glow peak shape method.
Introduction
Rare earth (RE) ions activated phosphors have attracted much attention of scientists due to their unique electronic, optical and chemical properties resulted from the 4f shell of the ion; also, the progress in the development of the phosphors was directly related to the understanding of the physical processes of energy absorption and relaxation [1] [2] [3] . Thus, the f-f transition absorption and emission of the trivalent lanthanide ions in crystalline hosts were receiving more attention as optical materials emitting in the visible and near IR regions [4, 5] . RE ion-doped sulfates have been widely used as novel luminescent materials in cathode ray tubes and plasma display panels due to their high luminescence efficiency [6] . In the family of sulfate phosphors, calcium sulfate was one of the most sensitive TL phosphor and it was in fact the first one used to measure ionizing radiation in 1895 [7] [8] [9] [10] . Sodium sulfate was yet another material that has been quite popular among the researchers in this field. Sodium sulfate (thenardite), though very simple in chemical composition, has been the subject of various applications. It was used for the production of glasses and paints and for thermal energy storage techniques [11, 12] . In order to develop new dosimetric materials and to obtain a better understanding of the physical mechanism of radiation effects, Na 2 SO 4 was doped and codoped with activators.
At room temperature (RT), phase V (thenardite) of Na 2 SO 4 was reported to be stable while phase III was metastable. Phases I and II were high-temperature polymorphs; however, phase II was reported to have a narrow stability zone. Phase IV was considered to be metastable, and its phase relation and structure have yet to be well established [13] [14] [15] [16] . Mixed sulfates such as K 2 Ca 2 (SO 4 ) 3 and LiNaSO 4 have been of much interest to researchers [17] [18] [19] [20] . Till to the date, only few works were reported on the luminescence studies of doped/codoped sodium sulfate [21] [22] [23] . Correcher et al. observed the spectra of infraredstimulated luminescence (IRSL), radioluminescence (RL) and TL studies in the range of 200-800 nm on phase transitions of Na 2 SO 4 [24] . Previous TL studies on LiNaSO 4 : Eu 3? revealed that the phosphor was more sensitive than the commercially available phosphors like TLD 100 and CaSO 4 : Dy [25, 26] .
As far as the synthesis method was concerned, alkali sulfate samples were generally synthesized by solid-state and melt method [27] . Among various techniques, slow evaporation technique, even though the rate of crystallization is slow, occupies a prominent place owing to its versatility and simplicity. Slow evaporation technique, though it takes long duration, was well suited to those materials which suffer from decomposition in the melt or in the solid at high temperatures and which undergo structural transformations while cooling from melting point. The solid-state/melt method has some short comings, such as energy consuming, inhomogeneous mixing and product with irregularly shaped and aggregated particles [28] . The principal advantage of slow evaporation method is that since crystal growth occurs at room temperature, the structural imperfections are relatively low and crystals grow with well-defined faces. The luminescent properties of the phosphors were strongly affected by the preparation method, which was the dominant factor for improving particle size and morphology [29, 30] . Growth of crystals from solution at RT has many advantages over other growth methods though the rate of crystallization was slow. Since the growth was carried out at RT, the structural imperfections in solution grown crystals were relatively low. It was well suited to those materials which suffer from decomposition in the melt or in the solid at high temperature and which undergo structural/phase transformations while cooling from the melting point. Number of studies reported on the solubility and crystal growth mechanism by slow evaporation technique [31, 32] .
The present study reports slow evaporation technique that produces homogeneous, crystalline and fine powders of Na 2 SO 4 , Na 2 SO 4 : Dy 3? , LiNaSO 4 and LiNaSO 4 : Dy 3? samples. The synthesized samples were well characterized using powder X-ray diffractometer (PXRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and UV-Vis absorption spectra. Thermoluminescence (TL) studies were carried out by irradiating the samples with c-irradiation in the dose range 0.5-5 kGy to explore the possibility of the material as TL dosimeter. All the above solutions taken in beakers are allowed to undergo slow evaporation at RT in an open air atmosphere for a period of 10-15 days. The resultant compound was crushed and calcined at 400°C for 4 h in muffle furnace. After cooling to RT, it was further crushed to fine powder and used to characterize the samples. For TL measurements, the obtained fine powder was pressed into pellets of 1 mm thickness with 5 mm in diameter at an applied pressure of 80 kg cm -2 using a homemade pelletizer.
Material characteristics
The phase purity and the crystallinity of the samples were examined by PXRD (Philips PW/1050/70/76 X-ray diffractometer) using CuK a (1.541 Å ) radiation with a nickel filter at a scan rate of 2 degree min -1 . The surface morphology of the products was examined by SEM (Quanta-200 FEI SEM) equipped with EDS operating at 10-20 kV, and TEM analysis was performed on a Philips CM 200 microscope operating between 20 and 200 kV with 2.4 Å resolutions. FT-IR studies of the samples were performed on a Perkin-Elmer FTIR spectrometer (Spectrum 1000) with KBr pellets. The UV-Vis absorption spectra of the samples were recorded using UV-Visible Shimadzu double-beam spectrophotometer.
TL measurements were carried out using homemade TL setup in the temperature range 25-300°C at a heating rate of 5 K s -1 . TL glow curve recorder consists of the following: (i) TL detection head where the sample was heated on a Kanthal strip heater; (ii) EHT-high-voltage DC power supply provides the high voltage (-850 V) needed for photomultiplier tube (PMT) operation with a maximum current rating of 1 mA. It supplies a maximum of 1,250 V DC, through a single pin Amphenol connector, mounted on the rear panel of the instrument; (iii) Model 1,100 Electrometer amplifier; and (iv) data acquisition system. The sample was heated on a Kanthal strip heater where a Chromel-Alumel thermocouple was spot-welded to the heater strip for sensing the sample temperature. All the TL glow curve measurements were made at RT after c-irradiation where the samples were exposed to source 60 Co for a dose range 0.5-5 kGy. In the present study, quartz plate is used as IR filters.
Results and discussion

PXRD analysis
The PXRD patterns of calcined Na 2 SO 4 , Na 2 SO 4 : Dy and LiNaSO 4 : Dy 3? resulted in the phase transformation from stable thenardite to metastable mirabilite phase (phase III) [33] . The thenardite to mirabilite phase transformation was generally considered as a nucleation growth process during which the mirabilite nuclei were formed within the thenardite phase. The mirabilite content increases with increase in the concentration of Dy 3? ion. Further, the particle size was calculated by Scherrer's method [34] .
where 'D'is the average grain size of the crystallites, 'k' the incident wavelength, 'h' the Bragg angle and 'b': the diffracted full width at half maximum (in radians) caused by the crystallites. Table 1S .
Williamson and Hall (W-H) have suggested a method [35] combining the domain size and lattice micro-strain effects on line broadening, when both were operative. The W-H approach considers the case when the domain effect and lattice deformation were both simultaneously operative and their combined effects give the final line broadening FWHM (b), which was the sum of grain size and lattice distortion. This relation assumes a negligibly small instrumental contribution compared with the sampledependent broadening. W-H equation may be expressed in the form 
a, b and c refer to the lattice parameters, and h, k and l were the miller indexes while d was the crystalline face space. The calculated lattice parameters were comparable as reported in the literature [36] , and they are tabulated in Table 2S . From the table, it was observed that in LiNaSO 4 : Dy 3? , the value of c dimension changes while a and b remain almost constant for the range of dopant concentration (0.2, 0.5 and 1 mol%). Thus, with increase in dopant concentration, the crystal growth proceeds along c axis. It was worth noting that diffraction peaks corresponding to Dy 3? or its sulfates were not detected in the PXRD patterns due to the complete solubility of Dy 3? ions in the Na 2 SO 4 matrix. Since no characteristic peaks corresponding to Dy 3? species were present, it can be concluded that the metal ion loading was below the dispersion capacity.
SEM and TEM analyses
SEM and TEM analyses were carried out to study the morphology and particle size of the crystallites of the nanoparticles. Figure 3a, samples. The surface morphology showed the generalized hexagonal habit of grains corresponds to twinned orthorhombic prisms and pyramids without any agglomeration. LiNaSO 4 was slightly agglomerated compared with all other samples. The element and atomic composition of all the samples obtained from EDX analysis are listed in Fig. 3b, d , f, h. The EDX analysis reveals that the added dopants were well incorporated in Na ? lattice sites. The TEM images of Na 2 SO 4 , Na 2 SO 4 : Dy 3? , LiNaSO 4 and LiNaSO 4 : Dy 3? confirm the orthogonal prisms and pyramidal shape with no amorphous constituents and weekly aggregated (Fig. 4A 1 -A 4 , respectively). The average crystallite sizes obtained from TEM analysis were in good agreement with the value obtained from Scherrer's formula. SAED patterns of these samples were neither regular diffraction spots nor whole diffraction rings, indicating that the number of polycrystalline grains in the selected area was finite (Fig. 4B 1 -B 4 ) . The interplanar distance d values and hkl values obtained for different spots in SAED pattern are tabulated in Table 3S. 3.3 FTIR analysis Figure 5 gives the FTIR spectra of (a) Na 2 SO 4 , (b) Na 2-SO 4 : Dy 3? (0.5 %), (c) LiNa 2 SO 4 (0.5 %) and (d) LiNaSO 4 : Dy 3? (0.5 %) samples in the range 400-4,000 cm -1 , respectively. Table 4S shows the frequencies of all the observed absorption bands. In the obtained spectra, it was possible to distinguish clearly the ranges corresponding to the vibrations of the SO 4 2-group and the Na-O vibrations [37] . The most intense bands were due to stretching and bending of S-O bonds was situated at 1,100 and 600 cm -1 , respectively.
UV-Vis absorption and Optical band gap energy
Inset of Fig. 6 shows the UV-Vis absorption spectra of Na 2 SO 4 , Na 2 from the ground state. The remaining weak absorptions were expected to arise from transitions involving extrinsic states such as surface traps or defect states or impurities [39] . Smaller sized particles were found to have high surface to volume ratio. This results in increase in the number of defects distribution on the surface of nanomaterials. Thus, if the particle size was small, nanomaterials exhibit strong and broad absorption bands [40] . In Na 2 SO 4 , Na 2-SO 4 : Dy 3? , LiNaSO 4 and LiNaSO 4 : Dy 3? , the particle sizes were in nanometers which results in high surface to volume ratio; as a result, there was an increase in defects distribution on the surface of the nanomaterials.
For the estimation of band gap in nanomaterials, the absorbance spectra of Na 2 SO 4 , Na 2 For a direct band gap material, the absorption coefficient near the band edge was given by Tauc's relation [41] .
where a is the absorption co-efficient, hm the photon energy, E g the energy band gap and A the constant depending on the type of transition. Equation (4) can be rearranged and written in the form
From Eq. (5), it was clear when ahm = 0, E g = hm.
The energy gap was determined by plotting (ahm) 2 versus hm and finding the intercept on the hm axis by extrapolating the plot to (ahm) 2 = 0 as shown in Fig. 6 . Band gap energy (E g ) observed for Na 2 SO 4 , LiNaSO 4 , Na 2 SO 4 : Dy 3? and LiNaSO 4 : Dy 3? was found to be 4.45, 4.23, 4.02 and 3.70, respectively. A reduction in E g for doped/codoped samples would arise neither from a quantum size effect nor from crystal structure variation but rather from surface traps states or point defects. A plausible explanation for the variations observed on the E g values can be related to the degree of structural order-disorder into the lattice, which is able to change the intermediary energy-level distribution within the band gap. The E g values mainly depend on the preparation methods and the experimental conditions. In particular, these key factors can favor on inhibit the formation of structural defects which are able to control the degree of structural orderdisorder of the material and, consequently, the number of intermediary energy levels within the band gap. It was observed that the absorption measurements were extremely sensitive to the changes in the lattice or variations on the structural order-disorder degree [42] .
Thermoluminescence (TL) studies
TL glow curve under a specific radiation type was characteristic of the exposed material. The traps and glow curve structure were also dependent upon the morphology and particle size. It is important to notice that using the proper dopant concentration, it was possible to maximize the TL efficiency and improve sensitivity and dose linearity for specific irradiation type [43] [44] [45] . In the present study, the TL measurements of c-irradiated Na 2 SO 4 , Na 2 . TL property of host sample was investigated at different c-ray dose levels (Fig. 7a) . The pure orthorhombic phosphor has a prominent glow peak at *180°C with a small shoulder with peak at *104°C which indicates the presence of two kind of trapping sites generated during cirradiation. The shallow trapping center leads to a shoulder peaks (*104°C), and the deeper center gives rise to prominent glow peak at high temperature (*180°C). The intensity of these glow peaks increases with irradiation and shifts toward higher-temperature region. The indication of two TL glow peaks reveals that there must be at least two 255 defect centers among them one might be related to hole traps and other one may be related to electron trap (s). Figure 8a shows the TL glow curves recorded for LiNaSO 4 irradiated with c-rays in the range 0.5-5 kGy. The LiNaSO 4 phosphor has a single well-resolved glow peak at 155°C with a small shoulder at 120 and 187°C. The indication of three TL glow peaks reveals that there must be at least three defect centers among them two might be related to hole traps and other one may be related to electron trap (s). The presence of lithium ion caused a reduction in the TL intensity with slightly shifting the glow peak positions toward higher temperature. This process inhibits the radiative recombination of electron and hole centers causing a reduction in TL intensity. Figure 9a shows the TL glow curves of Na 2 SO 4 : Dy 3? irradiated with c-rays in the range 0.5-5 kGy. A wellresolved glow peak at *170 and *61°C was observed at a heating rate of 5 K s -1 . The appearance of two glow peaks in the glow curve indicates that there were possibly two kinds of trapping sites generated due to c-irradiation. The TL glow peak appearing at *170°C was attributed to host sample, and the other TL glow peak at *61°C was the characteristic of Dy 3? ion in Na 2 SO 4 . The shallow trapping center leads to shouldered peaks at lower temperature and the deeper center gives rise to maximum intensity peak at higher-temperature side. Figure 10a shows the TL glow curves of LiNaSO 4 : Dy 3? irradiated with c-rays in the range 0.5-5 kGy. The glow curves of LiNaSO 4 : Dy 3? show the TL signature at *100 and *180°C corresponding to high-intensity and 4000 3500 3000 2500 2000 1500 1000 500 low-intensity peaks, respectively. The appearance of two peaks in the glow curve indicates that there were possibly two kinds of trapping sites generated due to c-irradiation. Further, it was noticed that there was no appreciable shift in the glow peak positions with increase of gamma dose. In codoping, the shallow trapping center leads to the resolved peak at lower temperature and the deeper center gives rise to shouldered peak at higher temperature. This indicates that in LiNaSO 4 , Dy 3? introduces the mechanism of detrapping of charges. Most of the charges are released at lower temperature without scattering or residing on the trap states in a comparatively higher TL emission. The deconvoluted glow peaks for Na 2 SO 4 , LiNaSO 4 , Na 2 SO 4 : Dy 3? and LiNaSO 4 : Dy 3? are shown in Figs. 7b, 8b, 9b and 10b, respectively.
In radiation dosimetry, efficiency and linearity with dose was highly useful. Therefore, selection of the dopant/synthesis possibly enhances the TL properties, which was further deciding the usage of the material in different fields of dosimetry. In the present investigation, variations in TL glow peak temperature might be attributed to type of irradiation, type of the sample used, amount of irradiation, charge state of the dopant, warming rate, etc. The variations of TL intensity with gamma dose for all the chosen samples are given in Fig. 1s .
The linear/sublinear/supralinear/saturation of TL intensity with dose (gamma) may be explained on the basis of track interaction model [46] [47] [48] . This model suggests that the number of created traps as a result of irradiation depends on both the cross-section of the tracks and the length of tracks in the matrix. In nanomaterials, the length of the track may be a few tens of nanometers; as a result, the number of trap centers/luminescence centers will be less for lower doses than their microcrystalline form. However, if we increase the dose, more overlapped tracks occur that may not give extra TL, as a result of which saturation occurs, but in the case of nanomaterials there still exist some particles that would have been missed while being targeted by irradiation, due to their tiny size. Thus, on increasing the dose, these nanoparticles, which had earlier been left out from the radiation interaction, now generate trapping and luminescence centers. Thus, we do not get saturation in nanomaterials even at higher doses. However, further higher doses result in saturation or even decrease in TL intensity due to the same reason of overlapping of tracks. High luminescence yield is a prerequisite for any good TL phosphor. For this purpose, an optimum incorporation of the luminescence centers into the host, local environment around the dopant and doping concentration plays an important role. Figure 2S shows the concentration quenching curve between concentration of Li ? /Dy 3? and TL intensity of samples. The TL intensity was found to be maximum for particular concentration (Na 2 SO 4 : Dy 3? -0.06 mol %; LiNaSO 4 -0.5 mol % and LiNaSO 4 : Dy 3? -0.2 mol %). This may be assigned to the change in trap-state distribution due to lattice perturbation caused by the incorporation of more activator ions in the Na 2 SO 4 matrix. The population of recombination and heat generated due to recombination increase with dopant concentration which might shift the TL peak toward highertemperature side and also increase its intensity. Further increase in dopant concentration, defect sites induced may be inactive or decrease the number of trap sites which may nullify the effect of dopant itself.
TL fading
Fading was an important characteristic feature of dosimetry, which was the unintentional loss of the TL signal. It leads to an under estimation of the absorbed dose. Fading may be due to several causes. Thermal fading originates from the fact that even at RT there was a certain probability of charge carriers escaping from their trapping centers. Fading may also be caused by optical/thermal stimulation. In general, high-sensitivity materials should be handled carefully and stored in opaque containers to prevent fading from light exposure. Other types of fading, which were not temperature dependent, were caused by quantum mechanical tunneling of the trapped charge to recombination sites and transitions between localized states, i.e., transitions that do not take place via the delocalized bands [49] . To study the TL fading effects of the Na 2 SO 4 , Na 2 SO 4 : Dy 
Calculation of trapping parameters (E, S, b)
TL phosphors generally exhibit glow curves with one or more peaks when the charge carriers were released. The glow curve was characteristic of the different trap levels that lie in the band gap of the material. The traps were characterized by certain physical parameters that include trap depth (E) and frequency factor (s).
For many TL applications, a clear knowledge of these physical parameters was essential [50] [51] [52] . To verify further that the activation energies of various TL glow peaks in the c irradiated samples, the glow curve deconvolutions (GCD) were done (Fig. 3S ) using GCD functions, as suggested by Kittis and Gomez-Ros [53] , for the first-, secondand general-order kinetics. They were applied to the experimentally obtained glow curves to isolate each peak. Firstly, the highest temperature peak was isolated, and then the order of kinetics as well as the activation energy was calculated using Chen's set of empirical formulae [54] .
The activation energy and order of kinetics can be estimated using the following relations: 
where k is the Boltzmann constant ¼ 8:6 Â 10 À5 eVK À1 :
To determine the order of kinetics (b), the form factor l g , which involves T 1 and T 2 (temperatures corresponding to half the intensities on either side of the maximum), was calculated. Theoretically, the form factor, which ranges between 0.42 and 0.52, was close to 0.42 for first-order kinetics and 0.52 for second-order kinetics; for other values, it was considered to be general order. Form factor, l g , was found to be independent of the activation energy (E) and strongly depends on the order of kinetics. The peak was generated theoretically using these parameters and separated from the main experimental glow curve. Trap depth (E) was calculated using the same set of equations. The procedure was repeated till all the peaks were deconvoluted and the theoretically convoluted curve overlapped the experimentally observed glow curve. The positions of the respective peaks, trapping parameters and order of kinetics for Na 2 SO 4 , Na 2 SO 4 : Dy 3? , LiNaSO 4 and LiNaSO 4 : Dy 3? are shown in Table 5S and Table 6S . The theoretically fitted glow curve is shown in Fig. 3S . After estimation of E, the frequency factor 's' can be obtained using the relation (11) . The quality of fit has been tested with the figure of merit (FOM) and was found to be in the range 0.029-0.031 for the theoretical curves were in good agreement and overlap considerably. over a very wide range (0.5-5 kGy). TIM model was used here to explain the linear behavior with c-dose. Finally, it can be concluded that a easy method of preparation, good sensitivity, simple glow curve structure, linear response over a wide range of c-exposure and low fading are some of the good characteristics of the prepared nanophosphors. Among all the prepared nanophosphors, LiNaSO 4 : Dy 3? shows the better characteristics, making it useful for dosimetric applications.
